We recently reported that two Chinese hamster mutants deficient in the RAD51 paralogs XRCC2 and XRCC3 show reduced radiosensitization after treatment with caffeine, thus implicating homology-directed repair (HDR) of DNA double-strand breaks (DSBs) in the mechanism of caffeine radiosensitization. Here, we investigate directly the effect of caffeine on HDR initiated by DSBs induced by a rare cutting endonuclease (I-SceI) into one of two direct DNA repeats. The results demonstrate a strong inhibition by caffeine of HDR in wild-type cells, and a substantial reduction of this effect in HDR-deficient XRCC3 mutant cells. Inhibition of HDR and cell radiosensitization to killing shows similar dependence on caffeine concentration suggesting a cause-effect relationship between these effects. UCN-01, a kinase inhibitor that effectively abrogates checkpoint activation in irradiated cells, has only a small effect on HDR, indicating that similar to radiosensitization, inhibition of checkpoint signaling is not sufficient for HDR inhibition. Recombination events occurring during treatment with caffeine are characterized by rearrangements reminiscent to those previously reported for the XRCC3 mutant, and immunofluorescence microscopy demonstrates significantly reduced formation of IR-specific RAD51 foci after caffeine treatment. In summary, our results identify inhibition of HDR as a significant contributor to caffeine radiosensitization.
Introduction
Caffeine (1,3,7-trimethylxanthine) , at millimolar concentrations (0.5-10 mM), strongly enhances the cytotoxic effect of ionizing radiation and other agents that induce DNA damage (Kihlman, 1977; Timson, 1977; Waldren and Rasko, 1978; Murnane, 1995) . Radiosensitization is manifest at noncytotoxic concentrations and therefore caffeine is considered a model radiosensitizer. The molecular mechanisms of caffeine radiosensitization remain unknown.
A widely held view is that radiosensitization derives from the ability of caffeine to disrupt multiple DNA damage-responsive cell cycle checkpoints. Indeed, caffeine has been shown to reduce or eliminate in irradiated cells p53 activation and G1 arrest (Kastan et al., 1991; Powell et al., 1995; Valenzuela et al., 2000) , S-phase delay (Walters et al., 1974; Tolmach et al., 1977; Griffiths et al., 1978; Murnane et al., 1980; Painter, 1980) and G2/M arrest (Tomasovic and Dewey, 1978; Kimler et al., 1982; Lau and Pardee, 1982; Lu¨cke-Huhle et al., 1983; Jung and Streffer, 1992; Rowley, 1992) , and the latter effect has been associated with increased apoptosis (Palayoor et al., 1995; Bernhard et al., 1996; Yao et al., 1996; Shinomiya et al., 1997) . Numerous investigations, however, have failed to demonstrate a direct correlation between checkpoint abrogation and caffeine radiosensitization (Walters et al., 1974; Musk and Steel, 1990; Musk, 1991; Harvey and Savage, 1994; Ribeiro et al., 1999) . Moreover, caffeine is less effective in cells with functional p53 despite the fact that it prevents activation of p53 and the G1 checkpoint (Kastan et al., 1991; Taylor et al., 1993; Fan et al., 1995; Powell et al., 1995; Russell et al., 1995; Valenzuela et al., 2000) . These observations suggest that other phenomena contribute to the radiosensitizing potential of caffeine. Indeed, several studies implicate DNArepair inhibition as an important determinant of caffeine radiosensitization Busse et al., 1978; Tolmach and Busse, 1980; Beetham and Tolmach, 1982; Iliakis and Nusse, 1983a) .
Characterization of the role of repair inhibition in caffeine radiosensitization was frustrated by early observations that rejoining of DNA double-strand breaks (DSBs), lesions directly implicated in cell killing, remains unaffected in the presence of caffeine at concentrations producing maximum radiosensitization. This observation shifted emphasis to the checkpoint effects of caffeine and led to the demonstration that caffeine has affinity for protein kinases (Jung and Streffer, 1992) and directly inhibits ATM and ATR (Blasina et al., 1999; Hall-Jackson et al., 1999; Sarkaria et al., 1999; Zhou et al., 2000) . Although these reports suggested a mechanistic explanation for the checkpoint disruption in caffeine-treated cells, the observation that AT cells are significantly radiosensitized by caffeine (Furcinitti, 1983; Asaad et al., 2000) suggested that other factors were important for caffeine radiosensitization, such as inhibition of a DNA-repair pathway.
Instructive for the development of hypotheses regarding repair process inhibited by caffeine was the observation that S-phase-dependent radioresistance to cell killing is eliminated after caffeine treatment (Iliakis and Nusse, 1983b; Beetham and Tolmach, 1984a) . The subsequent observation that manifestation of S-phasedependent radioresistance requires genes of the RAD52 epistasis group, such as XRCC2 (Cheong et al., 1994) and RAD54 (Takata et al., 1998) , pointed to inhibition of homology-directed repair (HDR) of DNA DSBs as a component of caffeine radiosensitization. DNA DSBs are severe lesions, which if unrepaired or misrepaired, can lead to mutations or cell death (FrankenbergSchwager, 1990; Iliakis, 1991; Thompson and Limoli, 2003) . Although cells of higher eukaryotes remove DSBs from their genome predominantly by nonhomologous end joining (NHEJ) (Jeggo, 1998) , HDR is functional and contributes to DSB processing (Taghian and Nickoloff, 1997; Liang et al., 1998; Jasin, 2000) .
To investigate whether inhibition of HDR is a component of caffeine radiosensitization, we tested wild type and two radiosensitive mutant cell lines, irs1 and irs1SF (Jones et al., 1987; Fuller and Painter, 1988) , with defects in the RAD51 paralogs XRCC2 (Tambini et al., 1997; Cartwright et al., 1998; Liu et al., 1998) and XRCC3 (Tebbs et al., 1995; Liu et al., 1998) , respectively, and documented defects in HDR Pierce et al., 1999) . We reasoned that if caffeine acts as a radiosensitizer by selectively targeting steps in HDR, it should be less effective in cells with genetic defects in this pathway. The results showed significantly diminished caffeine radiosensitization in XRCC2 mutants that could be restored by XRCC2 expression (Asaad et al., 2000) . Despite reduced radiosensitization, caffeine effectively abrogated checkpoints in S and G2 phases in XRCC2 mutants indicating that checkpoint abrogation by itself is not sufficient for radiosensitization. In line with this conclusion, immortalized fibroblasts from AT patients showed caffeine radiosensitization despite the checkpoint defects associated with ATM mutation (Furcinitti, 1983; Asaad et al., 2000) . Reduced caffeine radiosensitization was also observed in XRCC3 mutants (Asaad et al., 2000) , as well as in DT40 mutants with HDR defects (Wang et al., 2003a) . On the other hand, a radiosensitive mutant (irs-20) of DNA-PKCs with a defect in NHEJ (Stackhouse and Bedford, 1993; Peterson et al., 1997) was radiosensitized by caffeine to an extent comparable to wildtype cells (Asaad et al., 2000) . Irradiated XRCC2 mutants showed normal rejoining of DNA DSBs that remained unaffected by caffeine (Asaad et al., 2000) , and similar observations were made in DT40 mutants defective in HDR (Wang et al., 2003b) . These results in aggregate suggest that HDR is a target of caffeine and a primary contributor of its radiosensitizing effect.
The purpose of the present study is to provide direct evidence for suppression of HDR after treatment with caffeine. For this purpose, we adopted systems utilizing the rare cutting endonuclease I-SceI to generate a site specific DSB in a chromosomal direct repeat substrate. These systems have been important for advancing our understanding of the role of HDR in mammalian cells (Johnson and Jasin, 2001) . We used two different assays one that restores neo gene function (Taghian and Nickoloff, 1997) , and one that restores GFP (Pierce et al., 1999) . Our results indicate a strong inhibition of HDR by caffeine. The limited recombination events detected after treatment with caffeine show frequent gene rearrangements suggesting a reduction in the fidelity of HDR.
Materials and methods

Cell lines and DNA constructs
CHO strain 33 has been described previously (Taghian and Nickoloff, 1997) . This cell line contains a single copy of a neo direct repeat recombination substrate, pMSGneo2S12HIS, as shown in Figure 1a . One neo gene copy is driven by a dexamethasone inducible mouse mammary tumor virus (MMTV) promoter, but is inactivated by inserting a restriction endonuclease I-SceI site at its BanII site. The second neo gene (neo12) is promoterless and has 12 silent single-base mutations that facilitate analysis of the recombination events. The two neo genes are separated by a gpt gene driven by the simian virus 40 (SV40) promoter. CHO strain 33 is resistant to mycophenolic acid and sensitive to G418. Recombination events lead to the restoration of a functional neo þ gene (even in the absence of dexamethasone) and resistance to G418. In preliminary experiments, we established that addition of dexamethasone into the growth medium leaves the number of neo þ resistant colonies obtained practically unchanged (results not shown).
DRaa-40 and DRirs-10 were generated by integrating a single copy of DRGFP DNA construct (Figure 3a) into the CHO AA8-and the XRCC3-deficient irs1-SF mutant, respectively (Pierce et al., 1999) . The DRGFP construct contains two direct repeat GFP genes, one of which is inactivated by an I-SceI site insertion and the other by truncation at the C-and N-termini. The pgk-pur gene separates these two tandem GFP genes and confers resistance to puromycin. HDR can restore GFP, whose function can be assayed by flow cytometry.
The pCMV3xnls-I-SceI construct (Figure 1a ) contains the ISceI expression sequence fused to three SV40 nuclear localization signals (nls) and controlled by the cytomegalovirus (CMV) immediate-early enhancer/promoter. Transient transfection of this construct into cells with an integrated I-SceI recognition sequence leads to the generation of a DNA DSB in the cells.
All cell lines were grown at 371C in McCoy's 5A medium supplemented with 5% bovine serum in an atmosphere of 95% air and 5% CO 2 . Cells were grown in the presence of the appropriate antibiotics to ensure the preservation of integrated constructs. Cells were maintained in the exponential phase of growth by subculturing every 2 days at an initial concentration of 1 Â 10 6 cells per dish in 10 ml growth medium. After 2 days, cells had reached a density of 4-6 Â 10 6 per dish and were used for experiments.
Assay of HDR of DNA DSBs
To evaluate HDR of DNA DSBs, the pCMV3xnlsI-SceI plasmid was transfected into CHO strain 33, DRaa-40 or DRirs-10 cells to induce transient expression of I-SceI endonuclease and generate a DSB in the integrated sequences of the neo or GFP genes. The following protocols were followed for the individual cell lines.
CHO strain 33 cells were plated at 2 Â 10 5 per 60 mm dish and allowed to grow for 20-24 h. At 4 h before transduction, the growth medium was changed. When required by the experimental protocol, caffeine (Sigma) or UCN-01 (kindly provided by the drug development branch of the NCI) was added at the appropriate concentration 30 min before transfection. Transfection was carried out with 2 mg pCMV3xnlsI-SceI DNA (amount optimized in preliminary experiments) using LipofectaminePlus (Invitrogen) according to the instructions of the manufacturer. At 48 h after transduction, cells were trypsinized and transferred in three 100 mm dishes at 2 Â 10 5 cells per dish for G418 selection. Dishes were supplemented with 400 mg/ml G418 24 h later and medium plus G418 was changed every 4 days until colony formation was complete (typically 10 days). Three 100 mm dishes were also seeded with 200 cells each in medium lacking G418 to estimate plating efficiency. In the controls without G418, the medium was also changed every 4 days until colony formation was complete (typically 8 days). Colonies were counted after staining with 0.5% crystal violet in methanol. The frequency of recombination events was calculated as the ratio between G418-resistant (G418 r ) colonies and the total number of cells plated after correction for plating efficiency (typically between 80 and 90% for nontreated cells, 35 and 75% for treated cells), and normalized by the transfection efficiency (20-40%; obtained as described below).
DRaa-40 and DRirs-10 cells were prepared for transfection by pCMV3xnlsI-SceI DNA using LipofectaminePlus as described above. At 48 h post transfection, cells were collected by trypsinization and GFP expression assayed by flow cytometry (Beckman Coulter, Epics Elite ESP) using an argon ion laser emitting at 488 nm. GFP emission was collected at PMT3 using a 625BP filter and at PMT4 using a 525 BP filter. Results were collected as dot plots of PMT3 (625 BP) versus PMT4 (525 BP), with 10% PMT3 minus PMT4 compensation, to facilitate discrimination between GFP-positive and -negative cells. The frequency of recombination events was calculated from the frequency of GFP-positive cells. All experiments were repeated at least three times and the results are shown as averages7s.e.
The frequency of recombination events on either the neo or the GFP substrates is strongly dependent on the generation of a DSB at I-SceI site, which in turn depends on the transfection efficiency. Therefore, transfection efficiency was determined in replicate cell cultures in each experiment using the pF25-GFP construct expressing wild-type GFP and analysed by flow cytometry. , 1997) . One is driven by the MMTV promoter while the other is promoterless. The neo sequence of the first copy is disrupted by the I-SceI consensus site. One copy of this construct is stably integrated in CHO strain 33 cells and makes them resistant to mycophenolic acid due to the expression of the gpt gene present between the two neo repeats. Transfection into these cells of the pCMV3xnlsI-SceI vector leads to the expression of the I-SceI restriction endonuclease, which induces a DNA DSB at the I-SceI site that can be processed by HDR. (b) CHO strain 33 cells were incubated with various amounts of caffeine and after 30 min were transfected with 2 mg of pCMV3xnlsI-SceI expression vector. Cells were maintained in caffeine for 24 h and processed for an evaluation of the fraction of G418 r cells by plating in 400 mg/ml G418 48 h later. Results shown represent the average and the standard error from four experiments. Note the large reduction in G418 r cells with increasing caffeine concentration. Student's t-test comparing the results obtained with untreated cells to those of caffeine treated gave P-values of 0.35, 0.16, 0.047 and 0.023 after treatment with 0.5, 1, 2 and 4 mM caffeine, respectively. (c) Cells were exposed to 4 mM caffeine at the indicated times and incubated in the presence of caffeine for 24 h thereafter. The fraction of G418 r cells was estimated by plating in medium containing G418 48 h later. Note the loss of caffeine effect in cultures treated 16-48 h after transfection
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Analysis of homologous recombination products
To analyse recombination events, colonies resistant to G418 were isolated and expanded to prepare genomic DNA (typically from 1 Â 10 7 cells). A volume of 10 mg of genomic DNA was digested by EcoRI, separated on a 0.7% agarose gel and transferred to a nylon membrane. Hybridization was carried out under standard conditions using a 32 P-labeled neo fragment as a probe. Hybridized membrane was used to expose a radiosensitive screen that was analysed in a Storm 840 phosphorimager with ImageQuaNT software (Amersham Biosciences).
Immunofluorescence microscopy CHO strain 33 cells (2.5 Â 10 6 per 100 mm dish) were grown for 24 h and treated with 4 mM caffeine for 1 h. After irradiation (5 Gy), cells were incubated at 371C for various periods of time and were subsequently fixed for 15 min in 2% paraformaldehyde at room temperature. After a wash in phosphate-buffered saline (PBS), cells were collected and processed for immunofluorescence either directly, or after sorting to obtain G1 and G2 cell populations. Cells were sorted (Altra, Beckman Coulter) on DNA content after staining with DAPI to obtain populations of G1 (B95% purity) and G2 (B85% purity) cells. Cell aliquots were processed in a cytocentrifuge (5 min, 500 r.p.m.), fixed again with 2% paraformaldehyde for 15 min, and permeabilized for 15 min at room temperature in 100 mM Tris-HCl pH 7.4, 50 mM EDTA, 0.5% Triton X-100. Slides were washed three times in PBS for 5 min and subsequently blocked with PBS þ 10% FCS overnight at 41C. Subsequently, an anti-hRAD51 polyclonal antibody (Ab1, 1 : 200 dilution; Calbiochem, Darmstadt, Germany) was applied to the slides for 90 min at room temperature, followed by a goat-anti-rabbit secondary antibody conjugated with Alexa 488 (1 : 500 dilution, Molecular Probes, Eugene, OR, USA). After extensive washing, slides were mounted with coverslips using antifading solution (90% glycerol, 0.1 M TrisHCl pH 8.0, 2.3% DABCO). For detection of RAD51 foci, a Leica DMR fluorescence microscope (Leica, Bensheim, Germany) was used. For each data point at least 100 nuclei were analysed. The classification proposed by Haaf et al. (1995) was used as basis for the analysis of the results. According to this classification, nuclei with 0-3 foci of any size are considered negative. Type I nuclei have several small foci and/or few (o10) large foci, whereas type II nuclei have more than 10 strongly fluorescing foci. The present quantification of the results is based on the generation of type II nuclei. A more detailed analysis including other groups will be presented elsewhere. Images of RAD51 foci were recorded using laser scanning microscopy (Leica, Bensheim, TCS 4D) and a Â 100 oil immersion objective. Ten optical sections per nucleus were generated and combined by adding section intensities to calculate one extended-focus projection image (Image-Pro Plus, Media Cybernetics Inc., Silver Spring, MD, USA). The generated projection image was overlaid to the corresponding nucleus.
Results
Caffeine inhibits HDR of I-SceI-induced DNA DSBs in a neo gene repeat
We tested directly the effect of caffeine on HDR using CHO strain 33 cells (Taghian and Nickoloff, 1997).
Transient expression of I-SceI from the pCMV3xnlsI-SceI expression vector induces a DNA DSB in the integrated genomic consensus site in one of the neo sequences, and HDR of this break can generate neo þ cells (Figure 1a) . The results in Figure 1b show that under the standard conditions employed 6000-8000 G418 r colonies are produced per 10 6 cells. Since the background frequency of induction of G418 r is less than 10 À7 , the observed recombination frequency represents an increase of nearly five orders of magnitude, and is in agreement with previous reports with this model system (Taghian and Nickoloff, 1997).
To evaluate variability in the transfection efficiency between different experiments and to test the effect of caffeine on the transfection efficiency for the subsequently planned experiments, replicate cultures were transfected under identical conditions with a GFPexpressing vector and the percent of cells with GFP fluorescence evaluated by flow cytometry 48 h later. Transfection efficiencies were between 20 and 40% and were not affected by treatment with caffeine (data not shown).
Incubation with caffeine, at different concentrations, 30 min before transfection for I-SceI expression and for 24 h thereafter leads to a dose-dependent reduction in the number of G418 r cells recovered (Figure 1b ). There is a nearly 40% reduction after incubation with 0.5 mM caffeine, and concentrations between 2 and 4 mM reduce the number of neo þ colonies recovered by an order of magnitude. Incubation of cells with caffeine in the absence of I-SceI expression did not measurably affect the spontaneous frequency of neo þ formation (results not shown). Since generation of neo þ cells reflects HDR of I-SceI-induced DNA DSBs, we interpret this result as direct evidence that caffeine inhibits this process. Notably, the sensitivity of HDR to caffeine is very similar to that of radiosensitization to killing, starting at 0.5 mM and reaching a maximum at 4 mM (see Asaad et al. (2000) and references therein). This suggests a cause-effect relationship between the two effects.
To gather information on the kinetics of caffeinesensitive steps of HDR, we incubated cells with 4 mM caffeine for various times after transfection with pCMV3xnlsI-SceI and measured the frequency of G418 r colonies recovered (Figure 1c ). While addition of caffeine up to 3 h after transfection produces results equivalent to those obtained with cells treated 30 min before transfection, incubation at later times leads to a gradual increase in the number of G418 r colonies recovered, indicative of a reduction in caffeine efficiency. Treatment with caffeine 24 or 48 h after transfection has only minor effects on the recovery of G418 r colonies as compared to untreated controls. Thus, HDR processing of DNA DSBs is caffeine resistant after approximately 24 h; the half time of the overall process is 12-16 h. It can be inferred therefore that caffeine-sensitive steps of HDR are practically complete within 24 h. The observation that delayed (24-48 h) incubation with caffeine leaves G418 r recovery practi- Restriction analysis of HDR products using the system employed here indicates a predominance of gene conversion events without crossing over (Taghian and Nickoloff, 1997) . On the other hand, spontaneous and UV-induced recombination events are mainly associated with deletions (Bill and Nickoloff, 2001 ). We first inquired whether caffeine affects the clear preference for gene conversion events in I-SceI-treated cells. For this purpose, 30 G418 r colonies from caffeine-treated (2 mM, 24 h) cultures and 30 colonies from untreated controls were expanded and analysed by Southern hybridization. In this analysis, gene conversion events produce a 10.5 kbp EcoRI fragment, whereas deletion events produce a 5.2 kbp fragment (Figure 2a) . The results are summarized in Table 1 , and representative Southern blots are shown in Figure 2b . Notably, not a single deletion was detected in the 60 clones analysed confirming the rarity of this event and indicating that treatment with caffeine does not increase its incidence.
Surprisingly, however, treatment with caffeine altered the product spectra recovered. While control cells gave the expected 10.5 kbp EcoRI fragments, the majority of the products recovered from caffeine-treated G418 r colonies gave Southern patterns indicating rearrangements of the substrate, indicative of anomalous repair events (Table 1 and Figure 2b ). Single larger products can result from a loss of one of the two EcoRI sites flanking the recombination substrate. In many of the observed clones, the parental band is retained but additional larger bands are present. Such products might result from partial replication of the recombination substrate followed by reintegration of the extended end into the genome (Brenneman et al., 2002) . It is also evident from the results shown in Figure 2b that some rearrangements tend to recur, suggesting a preference for certain forms of rearrangement. Similar results have been reported in XRCC3 mutants (Brenneman et al., 2002) where 52% of the recombination events analysed display increased gene conversion tracts and frequent local rearrangements (Brenneman et al., 2000 (Brenneman et al., , 2002 . In this regard, treatment with caffeine mimics the XRCC3 defect.
Caffeine inhibits HDR of I-SceI-induced DNA DSBs in a GFP gene repeat
To confirm the effect of caffeine on HDR of DNA DSBs in an independent system and to test the requirement for an intact homologous recombination apparatus in the process, we carried out experiments using DRaa-40 cells G418-resistant colonies were picked after selection in 400 mg/ml G418.
c Simple gene conversion represents colonies containing a 10.5 kbp gene fragment when genomic DNA was digested with EcoRI and probed with a neo gene probe using Southern blot. Rearrangement represents colonies containing a gene fragment larger than 10.5 kbp when genomic DNA was digested with EcoRI and probed with a neo gene probe using Southern blot. e Deletion represents colonies containing a 5.2 kbp gene fragment when genomic DNA was digested with EcoRI and probed with a neo gene probe using Southern blot r CHO strain 33 colonies obtained from cultures treated with 2 mM caffeine (lanes 6-10) for 24 h, or from untreated controls (lanes 1-5). 10 mg genomic DNA was digested with EcoRI, fractionated by gel electrophoresis and probed with a 32 P-labeled neo gene probe as described under Materials and methods. The control in lane 11 represents a colony from untransfected CHO strain 33 cells. Results obtained from a similar analysis involving 60 colonies are summarized in Table 1 . Note the prevalence of gene conversion events without crossover in nontreated cells and the frequent presence of altered HDR spectra in cells treated with 2 mM caffeine. Note also that no deletion events were observed under any of the conditions examined
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H Wang et al (Pierce et al., 1999) . These cells are derived from CHO AA8 and have incorporated a single copy of the DRGFP construct (Figure 3a ) that carries a tandem repeat of the GFP gene in which one copy is inactivated by the I-SceI sequence (SceGFP) and the other by truncations at the C-and N-termini (iGFP). HDR of ISceI-induced DSBs restores the GFP gene, and this event can be directly detected by measuring GFP fluorescence in individual cells. The advantage of the GFP end point is that results are obtained only 2 days after transfection of the I-SceI construct -a time interval adequate for the completion of the essential steps of the recombination process (Figure 1c) . When DRaa-40 cells prepared according to the protocols described for CHO strain 33 cells were tested for GFP fluorescence, less than 0.01% of the cells were positive when transfection was carried out in the absence of pCMV3xnlsI-SceI DNA (Figure 3b ). The frequency of GFP-positive cells increased well over two orders of magnitude when transfection was carried out with 2 mg pCMV3xnlsI-SceI DNA. Incubation of cells with increasing concentrations of caffeine 30 min before transfection and for 24 h thereafter leads to a progressive decrease in the frequency of GFP-positive cells. As shown in Figure 3b , the frequency of GFP-positive cells is significantly reduced by 0.5 mM caffeine, and 2 mM caffeine reduced this frequency by an order of magnitude. Treatment with 4 mM caffeine reduced the frequency of GFP-positive cells to 0.08%, which approaches the observed background frequency of 0.01%. Figure 3c summarizes the data from at least three independent experiments. It is evident that caffeine strongly inhibits HDR of DNA DSBs in this cell system as well.
To further analyse the role of homologous recombination on the cellular effects of caffeine, we tested HDR in DRirs-10 cells, which are derived from the radiosensitive irs1SF mutant, are complemented by the XRCC3 gene (Liu et al., 1998 ) (a RAD51 paralog) and carry a single copy of the DRGFP construct (Figure 3a) . graphic representation of the measured frequencies of GFP þ cells from at least three independent experiments. As expected for XRCC3 mutants (Pierce et al., 1999; Brenneman et al., 2000 Brenneman et al., , 2002 , untreated cultures show a nearly 10-fold reduction in the frequency of GFP þ cells. Caffeine causes a further reduction in HDR events, but is less effective in this genetic background. The frequency of recombination events after treatment with 4 mM caffeine is similar in DRaa-40 and DRirs-10 cells. The reduced effect of caffeine on XRCC3-deficient cells indicates that caffeine targets a fully functional homologous recombination apparatus, and is in line with previous results showing reduced radiosensitization in cells deficient in homologous recombination (Asaad et al., 2000; Wang et al., 2003a) . The results further indicate that limited HDR of DNA DSBs is possible in XRCC3-deficient cells, a result that explains a small amount of caffeine radiosensitization observed (Asaad et al., 2000) .
Caffeine inhibits RAD51 foci formation
It has been reported that the nuclear distribution of RAD51 protein is dynamic and that bright foci, distinct from those observed in untreated cells, form within a few hours after exposure to DNA-damaging agents (Haaf et al., 1995 Raderschall et al., 1999 Raderschall et al., , 2002 Tashiro et al., 2000) . It is thought that these foci represent areas in the nucleus where HDR takes place. Since the results presented above are consistent with caffeine inhibition of the HDR apparatus, we inquired whether caffeine also affects the redistribution of RAD51 in nuclei of cells exposed to X-rays (5 Gy). We focused our attention on S-and G2 cells since redistribution of RAD51 is most evident in these phases of the cell cycle (Tashiro et al., 2000) .
CHO strain 33 cells were exposed to either 0 or 5 Gy of X-rays and returned to 371C for 6 h. Subsequently, cells were fixed, sorted and prepared for immunofluorescence microscopy as outlined under Material and methods. Representative examples of stained G2 cells are shown in Figure 5a . Nonirradiated cells have only occasional bright RAD51 foci and frequently several weak to medium foci that that are not visible in the figure. Exposure to irradiation leads to the formation of numerous bright RAD51 foci in the majority of nuclei, which are directly visible in Figure 5a . Treatment with 4 mM caffeine has no visible effect in nonirradiated cells, but reduces significantly the intensity of RAD51 foci in irradiated samples.
A quantitative analysis of RAD51 focus formation at different times after irradiation, obtained by analysing 100 G2 nuclei, is shown in Figure 5b . In nontreated cells, bright RAD51 foci form 1-2 h after irradiation and reach a maximum at 59% at 6 h. At 24 h, the fraction of cells with bright foci returns to the levels of nonirradiated controls. However, the fraction of cells with weak to moderate foci remains higher than in nonirradiated controls (not shown). Treatment with caffeine abrogates bright RAD51 foci formation at all times examined (Figure 5b ). Very similar results were also obtained with S-phase cells (data not shown). Thus, in agreement with the above results, caffeine inhibits a likely landmark of HDR, that is, radiation-induced RAD51 foci formation.
Checkpoint abrogation is not sufficient for HDR inhibition
To estimate the contribution of checkpoint abrogation on caffeine-induced inhibition of HDR, we searched for agents mimicking the checkpoint effect of caffeine. A kinase inhibitor targeting Chk1 and other kinases involved in checkpoint response, UCN-01, was selected for the further experiments (Busby et al., 2000; Graves et al., 2000) . Before testing the effect of UCN-01 on HDR, we measured its effect on checkpoint abrogation and compared it to that of caffeine. The results obtained with DRirs-10 cells exposed to 5 Gy and followed for 24 h thereafter are shown in Figure 6a . It is evident that 2 mM caffeine and 10 nM UCN-01 abrogate radiationinduced accumulation of cells in G2 to a similar extent in both cell lines. In both cell lines, abrogation of the G2 checkpoint by caffeine or UCN-01 is associated with an increase in the proportion of G1 cells. The results in aggregate suggest a comparable checkpoint abrogation by 2 mM caffeine and 10 nM UCN-01. Figure 6b summarizes the effect of UCN-01 on HDR for the cell lines tested in the present study. It is evident that UCN-01 has relatively small effects in all cell lines tested as compared to the robust inhibition achieved by 2 mM caffeine. Thus, effective inhibition of checkpoint signaling is not by itself sufficient to inhibit HDR. It may be relevant that UCN-01 is thought to exert its effect on checkpoint responses via inhibition of Chk1 (see above), whereas at the concentrations used here caffeine inhibits both ATM and ATR (Blasina et al., 1999; Hall-Jackson et al., 1999; Sarkaria et al., 1999) .
Discussion
Caffeine inhibits HDR
The results presented here extend and complement previous observations (Asaad et al., 2000) by directly demonstrating inhibition of HDR induced by a DSB in a tandem DNA repeat. Three explanations can be considered for the interpretation of these results. First, caffeine inhibition may act directly on the activities of components of the HDR machinery such as XRCC2 or XRCC3, which interact with other RAD51 paralogs to form complexes involved in HDR (Masson et al., 2001; Liu et al., 2002; Miller et al., 2002; Wiese et al., 2002) . Their inhibition by caffeine could compromise the functions of these complexes and cause effects equivalent to mutational inactivation of specific constituents of these complexes. Second, caffeine may not specifically target components of HDR complexes, but may rather inhibit indirectly the normal function of these complexes. For example, if a complex is involved in DNA strand transfer during recombination, as is inferred by the homology of its components to RAD51, caffeine may inhibit this process. Caffeine binds DNA, with preference to denatured regions (Ts'o and Lu, 1964; Domon and Rauth, 1969) , and may thereby inhibit strand transfer. Finally, caffeine may inhibit recombination by inhibiting upstream regulatory kinases or phosphatases that recruit the HDR machinery. Indeed, evidence has been presented that ATM is such a regulatory kinase (Thompson and Limoli, 2003) . While our previous results (Asaad et al., 2000) do not support a model according to which caffeine inhibits HDR by targeting ATM, it is possible that ATR, another member of this kinase family that is also inhibited by caffeine (Sarkaria et al., 1999) , plays this role. Earlier models of caffeine action invoking DNA-repair inhibition in the mechanism of radiosensitization (Busse et al., 1978; Iliakis and Nusse, 1983a, b; Tolmach, 1984a b, 1986; Musk, 1991) can now be refined by identifying HDR as the targeted repair process and the DNA DSB as the affected lesion. Since experiments presented here use tandem DNA repeats as substrates, it is formally possible that caffeine will have different effects on recombination between sequences in other chromosomal context.
Reduced fidelity of HDR events occurring in the presence of caffeine
The rare recombination events in caffeine-treated cells show altered product spectra associated with rearrangements of the recombination substrate. Although the majority of G418 r colonies arise by gene conversion, only a minority arises by simple gene conversion and most contain rearrangements. Since recombination events are rare after treatment with caffeine, it is formally possible that aberrant events also occur in nontreated cells but are masked by a higher frequency of simple gene conversions. However, because of the high frequency at which rearrangements are Aberrant recombination products similar to those of caffeine-treated cells are also observed in XRCC3 mutant cells (Brenneman et al., 2002) suggesting that caffeine treatment mimics certain phenotypic manifestations of the XRCC3 mutation. Besides its reduced HDR frequency, the XRCC3 mutant generates products with increased gene conversion tract lengths, increased the frequency of discontinuous tracts and frequent local rearrangements (Brenneman et al., 2002) . All these abnormalities are local and DSB dependent. A similarity in the phenotypic manifestations between caffeine treatment and the XRCC3 mutant phenotype is in line with the reduced radiosensitization by caffeine observed in XRCC3 mutants and reinforces the hypothesis that both conditions compromise the same DNA-repair process.
Despite similarities in the effects of caffeine and XRCC3 mutation on HDR frequency and fidelity, caffeine is likely to exert additional effects. This is because, similar to XRCC3 mutants, XRCC2 mutants show reduced HDR frequency and caffeine radiosensitization (Asaad et al., 2000) , but no rearrangements in a recombination substrate . Since XRCC2 and XRCC3 proteins are found in distinct complexes (Masson et al., 2001; Liu et al., 2002; Miller et al., 2002; Wiese et al., 2002) they are likely to have distinct functions in HDR that are also sensitive to caffeine. It is therefore possible that caffeine acts by inhibiting an upstream processes regulating HDR (see below).
Checkpoint abrogation is not the only cause of HDR inhibition by caffeine
We have previously shown that XRCC2-and XRCC3-deficient mutants show nearly intact DNA-damage checkpoint responses in S and G2 that are efficiently abrogated by caffeine, without causing significant radiosensitization to killing (Asaad et al., 2000) . Thus, disruption of checkpoints in an HDR-deficient background has only a minor radiosensitizing effect. Moreover, abrogation of checkpoint signaling by UCN-01, an inhibitor of diverse kinases including Chk1, has only a minor effect on HDR in the experiments described here (Figure 6 ). These results raise the interesting possibility that the delay in the progression through the cycle generated by the activation of a checkpoint specifically benefits HDR. This may be achieved by allowing repair during the period of arrest, and/or by delaying cell cycleassociated changes in chromatin that enforce a transition of the lesion to an irreparable state. Caffeine radiosensitization may thus be aided by an abrogation of the checkpoint response.
Specific effect of caffeine on HDR
Caffeine is likely to inhibit DNA repair by specifically inhibiting HDR, as rejoining of IR-induced DNA DSBs by NHEJ is resistant to caffeine and DNA-PKCsdeficient cells are radiosensitized by caffeine (Asaad et al., 2000) . Lack of inhibition by caffeine of DNA DSB rejoining, on the one hand, and inhibition of HDRdependent steps in DNA DSB repair, on the other hand, appear contradictory. We have previously proposed a model to accommodate these discrepancies in which NHEJ is responsible for the initial removal of IRinduced DNA DSBs, and that HDR is recruited to complete repair and restore DNA sequence around the break after the stage of the initial rejoining (Asaad et al., 2000; Wang et al., 2001) . The recently suggested saturation of HDR at very low doses of IR offers an alternative explanation (Rothkamm et al., 2003) .
In summary, the results presented provide direct evidence for an inhibitory effect of caffeine on HDR, which may result from inhibition of ATM and ATR kinases, or possibly a more direct effect of caffeine on the HDR process. The inhibition by caffeine of checkpoint activation in HDR-deficient cells, the caffeine radiosensitization in AT cells, and the small effect on HDR of inhibitors of downstream checkpoint signaling argue that checkpoint abrogation is not the only mechanism of caffeine radiosensitization.
